The unmanned aerial system SUMO (Small Unmanned Meteorological Observer) has been used for the observation of the structure and behaviour of the atmospheric boundary layer above the Advent Valley, Svalbard during a two-week period in early spring 2009. Temperature, humidity and wind profiles measured by the SUMO system have been compared with measurements of a small tethered balloon system that was operated simultaneously. It is shown that both systems complement each other. Above 200 m, the SUMO system outperforms the tethered balloon in terms of flexibility and the ability to penetrate strong inversion layers of the Arctic boundary layer. Below that level, the tethered balloon system provides atmospheric profiles with higher accuracy, mainly due to its ability to operate at very low vertical velocities. For the observational period, a numerical mesoscale model has been run at high resolution and evaluated with SUMO profiles reaching up to a height of 1500 m above the ground. The sensitivity to the choice of atmospheric boundary-layer schemes and horizontal resolution has been investigated. A new scheme especially suited for stable conditions slightly improves the temperature forecast in stable conditions, although all schemes show a warm bias close to the surface and a cold bias above the atmospheric boundary layer. During one cold and cloudless night, the SUMO system could be operated nearly continuously (every 30-45 minutes). This allowed for a detailed case study addressing the structure and behaviour of the air column within and above Advent Valley and its interaction with the local topography. The SUMO measurements in conjunction with a 10-m meteorological mast enabled the identification of a very stable nocturnal surface layer adjacent to the valley bottom, a stable air column in the valley and a strong inversion layer 
Introduction
In numerical weather prediction (NWP) there is a continuous demand for meteorological observations for initialization purposes and data assimilation, as well as for model evaluation and validation. Commonly, surface observations, satellite data and radiosonde data are applied for this purpose. To assess local scale atmospheric boundary-layer (ABL) phenomena, special in-situ measurement tools are required, such as masts, radiosondes, tethered balloons, kites or aircraft, and remote measurement techniques (e.g. sodar or lidar). These methods have all their advantages and shortcomings (e.g. Seibert et al. 2002) .
During the last decade, the utilization of remotely piloted vehicles, also termed unmanned aerial systems (UAS), has become increasingly popular in the atmospheric sciences as a cost-efficient and flexible measurement alternative. So far, UAS of different size and complexity have been developed and applied to atmospheric measurements. Several of these UAS, such as the Aerosonde (Curry et al. 2004) , the Meteorological Mini Unmanned Aerial Vehicle (M 2 AV) (van den Kroonenberg et al. 2008 ) and the Small Unmanned Meteorological Observer (SUMO) introduced by Reuder et al. (2009) , have already been successfully used for missions in polar regions. UAS have a huge potential to improve our limited observational capabilities in Arctic regions where the observational network is sparse. Compared to other profiling platforms, such as kites, tethered balloons or radiosondes, small UAS require significantly less infrastructure. Provided that the system is equipped with a temperature, humidity and pressure sensor, numerous ABL phenomena can be observed by flying consecutive vertical profiles, including the diurnal variation in stratification, in particular inversion layers and subsidence. Adding a wind measurement system enables the investigation of dynamic processes such as low-level jets and orographically induced gravity waves. Mayer et al. (2010) used SUMO data obtained during the FLOHOF field campaign in central Iceland in summer 2007 (Reuder et al. 2011) to show the potential of UAS data for the evaluation of ABL parametrization schemes in the Weather Research and Forecasting model (WRF).
Numerical weather prediction and climate models often fail to appropriately reproduce the stable ABL in polar regions (Mahrt 1998; Dethloff et al. 2001; Tjernström et al. 2005) , and this shortage in forecast skill for Arctic regions is well documented by Tjernström et al. (2004) and Galperin et al. (2007) . The latter defined the so-called 'nordic temperature problem' where NWP forecasts notoriously result in a warm bias in predicting near-surface temperatures in conditions where the temperature falls below −25 • C. The observed deviations between model and measurements in the intensity and development of the stable ABL are caused by a combination of insufficient coverage in the observational network to minimize the model initialization errors, and the limited understanding and representation of the relevant atmospheric key processes in particular in the presence of strong or extreme surface inversions, and the corresponding reduced vertical exchange of heat. During the Arctic winter and early spring, the absence or low values of solar radiation and the high albedo of snow and ice minimize the influence of solar heating from the ground, creating extended periods of high static stability and strong surface inversions. Such very stable boundary layers are in general poorly understood (Mahrt 1998 ). Under such conditions additional pathways of energy transfer are not sufficiently reproduced by numerical models, e.g. by the interaction between atmospheric turbulence and gravity waves, and are expected to be relatively more important (Zilitinkevich and Baklanov 2002) compared to other processes such as advection, radiative cooling or heat exchange between the atmosphere and the open or ice-covered ocean. In particular, in complex terrain close to the coast, as in the Svalbard fjords, where mountains of 1000 m height or so trigger gravity waves in the stable atmosphere, those effects should be considerable. Further improvement to our understanding of these processes, and the ability to improve the corresponding model parametrization schemes in the future, is strongly dependent on the availability of in-situ atmospheric measurements. In general, atmospheric observations are rare in the Arctic due to harsh weather conditions and the lack of sufficient infrastructure. However, the settlement of Longyearbyen provides a unique infrastructural and scientific environment due to its airport and the University centre in Svalbard (UNIS).
Longyearbyen is located at the mouth of Advent Valley leading to Isfjorden (see Fig. 1 ). Svalbard's topography is characterized by mountain ranges (reaching a maximum altitude of around 1700 m above sea level) and deep fjords. Due to the proximity of the Arctic Ocean and the Fram Strait, the climate and weather conditions of Svalbard are additionally influenced by varying sea-ice conditions around the archipelago and inside the fjords. Overall, this results in rapid changes of different land-surface types (e.g. snow-covered land, sea ice, open water) over small horizontal distances. Typically, the Isfjorden region is influenced by two main flow conditions: either by southwesterly winds that advect relatively warm and humid air from Fram Strait, or by northeasterly winds that transport cold and dry air from the Arctic Ocean over the archipelago (Hanssen-Bauer and Førland 2001) resulting in high dynamical variability (such as gravity waves) induced by the complex mountainous topography (Skeie and Grønås 2000) . In low wind and clear-sky situations during nighttime, cold pools associated with extreme surface inversions can develop in the mountain valleys.
Our main objectives in this study are to investigate, (i) the operational reliability of SUMO in very cold atmospheric conditions, (ii) a direct comparison of SUMO with a tethered balloon, (iii) the evaluation of three ABL parametrizations embedded in the Weather Research and Forecasting model WRF, and (iv) the observation of orographically modified flows.
The remainder of the paper has the following structure: Sect. 2 describes the field campaign and observational set-up. The SUMO system is described in Sect. 3; regulatory issues as well as data quality compared to a tethered balloon system are discussed, thus accounting for the first two objectives. In Sect. 4, the numerical model set-up and chosen physical options for the model integrations are explained. Objectives (iii) and (iv) are addressed in Sects. 5 and 6, while a summary is presented in Sect. 7.
The Field Campaign
The archipelago of Svalbard is a special location due to its high latitude and proximity to the Arctic Ocean, stretching from 76 • -81 • N and from 10-28 • E (see Fig. 1a ). The field campaign was conducted in the period 21 March until 5 April 2009, which is the late winter season at Svalbard. After the 3-month long polar night, direct solar insolation becomes positive at Longyearbyen and Advent Valley in March. The valley is nearly east-west orientated and has its exit at Longyear airport then leading to Isfjorden (Fig. 1b) , the largest fjord at the western coast of Svalbard. Two main measurement sites have been chosen for investigating the stable Arctic ABL: site 1 was located at Longyear airport in close vicinity to the sea, enabling easy profiling access for the SUMO system over open or sea-ice covered ocean. Site 2 was located at the old Auroral Station about 15 km to the east of Longyear airport. Both sites provided the infrastructure for a relatively comfortable performance of the SUMO flight missions. At Longyear airport, the Norwegian Meteorological Institute (met.no) conducts routine meteorological measurements of 2-m temperature (T), 10-m wind speed (f) and wind direction (dd), and pressure (p). At this site, 41 SUMO flights have been performed up to a height of 1500 m above ground level (a.g.l.) which was the maximum altitude approved by the Norwegian Civil Aviation Authority (Luftfartstilsynet). From 23 March until 5 April 2009 UNIS operated a tethered balloon system at the northern end of the runway. With the tethered balloon system, 27 temperature, humidity, wind speed and wind direction profiles were measured during this period (Manninen 2009 ). The lower left panel in Fig. 1 shows a cross-section of the valley topography at Longyear airport (black diamond). The old Auroral station is located about 15 km east of Longyear airport, and is an abandoned research station that was used during the field campaign. It is located close to sea level roughly in the middle of the 4 km wide Advent Valley, to the north and south surrounded by mountain ranges reaching about 800 m at a distance of 5 km (see Fig. 1 lower right panel) . The valley's main orientation is east-west (approximately 120 • ) while several smaller side-valleys open into the main valley close to the station area, making the Auroral Station a rather orographically complex site that seems to be well suited for investigations of orographic modification Table 2 are indicated as triangles in the corresponding colour in the top panel of flows, e.g. the influence of gravity waves on atmospheric profiles or katabatic and drainage inflow close to the ground. For the field experiment, a 10-m mast equipped with temperature, humidity sensors and anemometers (2, 6 and 10-m ) was set-up. The lower right panel of Fig. 1 displays the topography at the Auroral Station (black diamond), and at this site 46 SUMO flights have been performed.
Synoptic Situation During the Field Campaign
During the field campaign, fair weather conditions with clear sky, light winds and low air temperature have been interrupted by the passage of a low pressure system accompanied by warm-air advection and strong winds from 25 until 29 March 2009 (see Fig. 2 ). At night with clear sky and light winds, the surface observations from the Auroral Station show substantially lower temperatures compared to Longyear airport. This might be due to drainage flows from snow covered side-valleys and mountain slopes contributing to continuous cooling and the development of a cold pool in the valley. From 31 March until 2 April, Svalbard was influenced by a cold-air outbreak situation.
3 Measurements with the Small Unmanned Meteorological Observer SUMO
The SUMO System
The SUMO system used in this study was developed at the Geophysical Institute at the University of Bergen in cooperation with Müller Engineering (www.pfump.org) and the Paparazzi Project (http://paparazzi.enac.fr) (Jonassen 2008; Reuder et al. 2009 ). It consists of an airframe based on the FunJet construction kit by Multiplex (see Fig. 3 ), has a length and wingspan of around 0.8 m and a take-off weight of 0.58 kg. SUMO is electrically powered by rechargeable Lithium-Polymer batteries with a pusher propeller in the rear of the aircraft and has a typical flight endurance of 25 minutes. For autonomous operation, SUMO is equipped with the Paparazzi autopilot system (Brisset et al. 2006) . Currently, SUMO carries a basic meteorological sensor package consisting of a combined temperature and humidity sensor mounted in a radiation shield tube on the wing of the aircraft and a pressure sensor located inside the fuselage. The determination of wind profiles by SUMO in its recent version is based on an indirect method without an on-board flow sensor. Operating SUMO in circular or helical flight patterns with constant throttle and constant pitch angle results in approximately constant true air speed. The ground speed, which is continuously recorded by the autopilot's GPS receiver, can be used to calculate profiles of wind speed and direction by applying the Nelder-Mead minimization algorithm (Mckinnon 1996; Mayer et al. 2012) . The operation of SUMO in its actual version is limited to wind speeds below 18 m s −1 . As the in-flight stabilization of SUMO in autonomous flight mode is accomplished by a set of infra-red sensors using the difference in radiation temperature between the ground and sky to define a flight horizon, SUMO cannot fly autonomously in weather situations with a radiation temperature difference less than 8 K between ground and sky. This prevents operation in or under clouds. An improved version of the autopilot, using an inertial measurement unit for stabilization and attitude control was implemented in 2011 and now overcomes this limitation. The SUMO version used in the Svalbard field campaign did not have a turbulence probe, which is now installed in the newest version. So far, the system has proven its functionality in more than 650 scientific flight missions during the last five years.
Typically, SUMO is operated in a helical flight pattern with a climb speed of 6-10 m s −1 during ascent and 2-4 m s −1 during descent. Raw data are sampled and stored with a frequency of 2 Hz, which results in a vertical resolution of <5 m during ascent and <2 m during descent. In the post-processing routine, data are averaged over height intervals z = 20 m, starting at z = 10 m a.g.l. resulting in a coarser vertical resolution compared to the tethered balloon. Due to the relatively fast climb speed of SUMO, the temperature and humidity measurements have to be corrected for a sensor time-lag error, and a numerical correction scheme based on digital filters is applied to correct for the slow sensor response. This correction is performed in the post-processing routine thoroughly described by Jonassen (2008) . In this study, we present data obtained in descent mode when SUMO is operated with a slower climb speed that ensures an improved data quality. SUMO's wind information is only shown for heights between 200 and 1250 m a.g.l., and below 200 m a.g.l., SUMO is operated manually, thus the wind algorithm cannot be applied. At ceiling altitude SUMO switches from ascent to descent mode and the assumption of constant throttle and pitch angle is violated. Therefore, wind data for levels above 1250 m are not trustworthy. For more technical details of the SUMO system, see Reuder et al. (2009) and Jonassen (2008) .
Regulatory Issues
For the SUMO missions during the field campaign, flight permission had to be approved by Luftfartstilsynet, the Norwegian Civil Aviation Authority (CAA) in Bodø. A general permission to operate SUMO up to heights of 1500 m a.g.l. was issued by CAA with the constraint that every flight had to be cleared by the tower at Longyear airport. This meant in practice that SUMO flights were only permitted when the airport was officially closed and no other irregular air traffic, as manned research flights and search and rescue operations were ongoing. As a result, most SUMO flights have been conducted at nighttime and during the weekends. From the authors' point of view this was a very strict and unnecessary limitation that unfortunately disabled the performance of subsequent profiles by SUMO during a whole diurnal cycle in order to monitor the development of the ABL. A typical profiling mission of SUMO takes around 25 minutes. In the event of an emergency, however, the aircraft's autopilot provides a descent function for a safe recovery from 1500 m a.g.l. within less than three minutes at any time of the mission. As the control tower is informed about any kind of air traffic approaching the airport well in advance (one hour or more, except for emergency rescue operations), distinctly more SUMO missions could have been performed without any violation of general aviation safety.
Comparison with Tethered Balloon Measurements
During the field campaign, a tethered balloon system was operated in the vicinity of the SUMO measurement site 1 at Longyear airport, at the western end of the airport's runway. These data are used for a comparison and data quality control of the SUMO measurements. Defining a maximum acceptable time slot of one hour between SUMO and tethered balloon ascents, 15 out of a total of 27 tethered balloon profiles could be used for inter-comparison purposes. One typical example is shown in Fig. 4 ; the tethered balloon data have a vertical resolution of 1 m, while the SUMO data are averaged over 20 m. Therefore the SUMO profiles (black line) have a smoother structure. In the lowest 100 m, the tethered balloon observations connect the surface measurements almost perfectly to the SUMO profiles, and overall, both measurement systems agree reasonably well. The temperature profiles show good agreement with maximum deviations less than 1 K. The gradients and fine-scale structures match well. A slight bias in altitude occurs that can be associated with the slow sensor response in combination with the higher descending velocity of the SUMO system for the presented profile. The relative humidity measurements (Fig. 4b ) of both systems show the same structure and vertical gradient. The SUMO agrees well with the automatic weather station (AWS). However, the tethered balloon measured distinctly lower absolute values compared to SUMO and the AWS, and was most likely caused by a calibration offset in the tethered balloon system. The wind-speed profiles agree well (Fig. 4c) , with both wind-speed profiles showing values between 2-4 m s −1 with some differences in a vertical structure. SUMO shows a stronger vertical shear at 400 m a.g.l., and might be due to the horizontal distance between the measurement systems as well as unsteady wind conditions due to the complex topography. It can be clearly seen that the tethered balloon was unable to penetrate the second layer of a stronger wind shear at 600 m a.g.l. where SUMO measured a wind speed of 6 m s −1 . This height corresponds to the temperature inversion in Fig. 4a . The wind-direction profile agrees quite well in the shown profile (Fig. 4d) . The major benefit of the tethered balloon system is the low vertical velocity that can be realized, which is particularly important for the resolution of e.g. strong surface inversion layers. Such inversions are at the moment not appropriately resolvable by SUMO. Thus, the SUMO system has further potential for improvement concerning data quality for temperature and humidity measurements below approximately 50 m. Due to the 'no-flow-sensor' wind estimation algorithm that only works in autonomous flight mode, wind speed could only be estimated for z > 200 m a.g.l. In general, tethered balloon and SUMO should not be seen as competitors for the purpose of ABL measurements, but as two systems that highly complement each other, mainly using data from the tethered balloon system to fill the gap of information from reliable SUMO measurements down to the operational surface measurements at 2 m, respectively 10 m for wind. The experience with SUMO and tethered balloon during the campaign also clearly showed that SUMO outperforms the tethered balloon system when it comes to the flexibility of measurements, the required infrastructure and in situations with elevated inversion layers that could not be penetrated by the tethered balloon. One prominent example can be seen in Fig. 4 , where SUMO easily reached 1500 m, while the relatively small tethered balloon with a volume of 2.5 m 3 was not able to ascend higher than approximately 600 m due to a marked temperature inversion and wind-shear layer.
Model Configurations
We used the Advanced Weather Research and Forecasting model WRF version 3.1.1 developed by the National Center of Atmospheric Research (NCAR). The WRF model integrates fully compressible non-hydrostatic equations with terrain-following hydrostatic-pressure vertical coordinates, and provides multi-nested domains and a large number of physical parameterizations. For a further detailed description of the model, see Skamarock et al. (2008) .
The sensitivity to horizontal resolution due to the close coherency of wind and complex topography is a well-known feature (e.g. Sandvik and Furevik 2002; Schicker and Seibert 2009 ). Due to Svalbard's complex topography, a high horizontal resolution set-up of 9 km-3 km-1 km centered at 78.5 • N, 17.0 • E has been chosen. The inner domains are two-way nested to their mother domain. The outer domain covers 120 × 120 grid points stretching from the north-east corner of Greenland in the west to Franz-Josef-Land in the east, while the second domain covers most parts of the Spitsbergen archipelago with 130 × 155 grid points. The innermost domain covers 160 km in the east-west and 175 km in the north-south direction including the region of Isfjorden, Longyearbyen and Advent Valley. All three domains have a high vertical resolution with 61 vertical terrain-following sigma levels, with the top at 50 hPa (approximately 15.5 km). The lowest 1500 m include 29 model levels, with the lowest full level at 36 m. A sensitivity test on the vertical resolution showed that 61 vertical levels are necessary to resolve ABL phenomena, such as the low-level jet. Note that doubling the model resolution increases the computational time by about 2 4 = 16 times (roughly a factor of two for the three spatial dimensions and another factor of two for the smaller timestep).
Static fields such as land use and topographical data have been provided by the U.S. Geological Survey at a horizontal resolution of 30 (0.9 km in north-south direction). These latitude-longitude datasets are interpolated into the stereographic domains within the WRF pre-processing system. Since the availability of the WRF model version 3.1, fractional sea-ice can be used in the integrations. As mentioned in Kilpeläinen et al. (2010) , sea-ice in the ECMWF data is afflicted with errors in fjords and near coastlines. Therefore, the ECMWF sea-ice fields have been replaced by daily sea-ice concentration data provided by the Advanced Microwave Scanning Radiometer (data available at the National Snow and Ice Data Center http://nsidc. org/data/amsre/). However, after the pre-processing procedure in the WRF model there was still excessive sea-ice in Isfjorden. Therefore, sea-ice has been removed manually to be consistent with the daily met.no sea-ice charts (personal communication with T. Kilpeläinen, 2011).
Model Physics
As microphysical option, the single-moment 5-class scheme has been chosen that provides mixed-phase processes and super-cooled water. For the longwave radiation the Rapid Radiative Transfer Model scheme was used (Mlawer et al. 1997) , and for the shortwave fb1 two-way nesting has been activated, fb0 two-way nesting has been deactivated, YSU Yonsei University scheme, MYJ Mellor-Yamada-Janjic scheme, QNSE Quasi Normal Scale Elimination scheme radiation scheme, the Goddard scheme was activated; which is a two-stream multi-band scheme including cloud effects (Chou and Suarez 1999) radiative as well as snow-cover and cloud effects were activated. Leaving all physical options constant apart from the choice of ABL scheme, three different ABL configurations have been used. In WRF version 3.1 there are nine different ABL schemes available. As a default ABL scheme the Yonsei University (YSU) scheme (Hong et al. 2006; Hong and Kim 2007) is implemented in the model. This scheme is based on the original work of Troen and Mahrt (1986) that considers counter-gradient fluxes, diagnoses the ABL height and finally prescribes the K -profile over the ABL depth. Following Stull (1988) this scheme is first order and non-local. An alternative is the Mellor-Yamada-Janjic (MYJ) ABL scheme (Janjic 1990 (Janjic , 1996 (Janjic , 2002 , which can be classified as a 1.5-order local scheme where the turbulent kinetic energy (TKE) is computed through a prognostic equation and the diffusion coefficient as a function of the Richardson number and TKE.
A new option in WRF version 3.1 is the quasi-normal scale elimination (QNSE) scheme especially suited for the stable ABL. This scheme is based on the work of Sukoriansky and Galperin (2008) using local TKE-based vertical mixing. It successively eliminates small scales of motion and calculates following corrections to viscosity and diffusivity. It expresses analytically eddy viscosity, eddy diffusivity, kinetic energy and temperature spectra. Scale elimination to some extent provides a subgrid-scale representation of large eddies. The method traces the modification of the flow with increasing stratification and recovers growing anisotropy and the effect of internal waves (Sukoriansky and Galperin 2008) .
Additionally to the three two-way nested runs, one model integration has been performed by using the QNSE scheme in a one-way nested configuration to test the sensitivity of the horizontal resolution. The performed WRF integrations are listed in Table 1 .
Evaluation of Atmospheric Boundary-Schemes in High-Resolution Model Runs
For every model level σ from the surface up to 1500 above the ground or correspondingly from σ = 1, . . . , 28, the mean error (ME) and root-mean-squared error (RMSE) for the temperature forecast have been calculated for N = 52 SUMO profiles reaching heights z > 900 m a.g.l. The corresponding flights are listed in Table 2 . The same evaluation has been performed for the wind-speed forecast for the levels σ = 4, . . . , 24, and for the evaluation of the wind information, a reduced number of model levels was used due to the fact that the observed wind speed is not reliable close to the ground, and between the switch of the aircraft between ascent and descent as shortly reasoned in Sect. 3.1. We note that
In Fig. 5 the result of the evaluation of WRF model integrations is shown, where in (a)-(d) we see the profiles for Longyear airport and in (e)-(h) for the Auroral Station. For both locations the surface layer (z < 250 m) in all model integrations (besides QNSE-9km-fb0) shows a warm bias of approximately 1-3 K. At heights above 250 m the mean temperature bias ranges between −1 and 1 K, which we consider as very good agreement of the WRF model with the SUMO measurements. However, at the Auroral Station, the model shows temperatures that are too low above 1200 m. Little sensitivity in the choice of ABL scheme, but high sensitivity to horizontal resolution, is seen. The wind profiles for Longyear airport show an overall good agreement with the SUMO measurements, and the bias is approximately 1 m s −1 from 200 to 800 m a.g.l. The wind profile from the 9-km integration shows a substantially poorer result that can be related to the smoother topography in the model. For the Auroral Station, all model integrations show a too strong low-level jet at 250 m a.g.l., and at heights above 500 m a.g.l., all 1-km integrations perform well while the coarser resolution runs overestimate the wind speed in all layers. We see little sensitivity in the choice of the ABL parametrization scheme. However, the QNSE scheme performs slightly better in the lowest layers. The increase from 9-km to 1-km horizontal resolution in WRF model results in an improved wind forecast that is a well-known feature in the performance of NWP models in complex terrain. Since the three tested schemes show very similar results, we cannot conclude that the QNSE scheme substantially improves the near-surface temperature forecast for very stable conditions. Nevertheless, this has to be seen as a subtle hint since the evaluation period was quite limited. This result is not directly comparable with the study of Sukoriansky and Galperin (2008) where the QNSE scheme is used in the high resolution limited area model (HIRLAM) system and statistically evaluated against pressure, temperature, wind speed and relative humidity observations in France and Scandinavia for a longer period (January 2005). The latter showed that employing the QNSE scheme improved the skill of the 24-h and 48-h forecasts substantially.
Case Study 31 March-1 April 2009
During the campaign, minimum surface temperatures below −30 • C were observed during nights of fair weather i.e. during anticyclonic conditions with clear skies and low wind speeds (indicated by grey shading in Fig. 2 ). The development of such low temperatures and corresponding extreme surface inversions, was in addition favoured by the fact that Adventfjorden (see map in Fig. 1b) was mostly ice-covered during spring 2009. Similar situations have been described by Petersson (2007) , for instance.
The lowest temperatures during the campaign (T < −25 • C) have been observed in two periods, from 23 until 25 March and from 31 March until 2 April. During both periods, the 10-m wind speed was mostly below 5 m s −1 and the temperature difference between Longyear airport and the Auroral Station exceeded 5 K (not shown) due to the proximity of the Longyear airport to a patch of open sea along the coast adjacent the airport. For this case study we have focused on the most extreme cold episode, when the temperature difference between the stations reached 14 K. Here, also numerous SUMO profiles with a typical repetition frequency of about 30-45 minutes could be performed due to nearly perfect flight conditions, i.e. low wind, clear skies and most importantly no air-traffic restrictions during the night from 31 March until 1 April.
Synoptic Weather Conditions
During the selected period, the archipelago of Svalbard was influenced by a cold-air outbreak that can be easily seen in the cloud streets appearing south of the sea-ice edge in the upper left corner of Fig. 6 . The cold-air outbreak was triggered by a combination of an anticyclone over Greenland and a low-pressure system above the Barents Sea. The associated occlusion extended over Svalbard on 31 March 2009 0000 UTC (not shown); this synoptic constellation caused moderate northerly winds in the region. Figure 7a , c, d shows the subsequently measured profiles of temperature (T ), potential temperature ( ) and specific humidity (q) during the selected case study obtained by SUMO from one hour before dusk (1700 UTC) until dawn (0400 UTC). Figure 7b presents the results of a corresponding WRF model simulation of the studied period. In Fig. 7a the near-surface temperatures measured by the 10 m mast are added, and show a strong cooling at 2-m height from −16.5 • C in the afternoon down to values below −30 • C during the night. The lowest layer above the snow-covered valley bottom (labelled by I in Fig. 7a ) is very stably stratified with a temperature difference between 2 m and 10 m of 2-8 K, also distinctly increasing in time.
Profile Measurements
Due to the lower vertical velocity of the SUMO system during descent (2 m s −1 in contrast to typically 6-10 m s −1 during ascent), minimizing the effects of the temperature sensor time constant, only the SUMO profiles taken during descent have been used for the following investigations. The SUMO data have been averaged over 20-m intervals, with the lowest SUMO data point at 10 m above the ground (see also Sect. 3). The remaining temperature offset of 2-8 K between SUMO and mast temperatures at this level is a result of the delay due to the time constant of the SUMO temperature sensor in the strong inversion layer. The applied correction of the temperature sensor's time-lag error is not sufficient to resolve the actual strong temperature gradient in the surface-layer inversion.
The SUMO profiles identify stable stratification (d /dz > 0) in the whole probed column. The layers II (50-750 m) and IV (1200-1500 m) are moderately stable, while the marked inversion layer indicated by III (in 800-1200 m) is very stable. It shows at the beginning an increase in of around 5 K over 200 m at around 1000 m. During the night, this inversion weakens (d /dz = 4 K (200 m) −1 ) and finally slightly descends to around 800 m in the morning. The level of the main inversion layer corresponds closely to the altitude of the surrounding mountains in the valley, creating a high potential for wave activity.
The time evolution in the measured temperature profiles reveals an overall cooling of 4-5 K during the course of 11 hours, in particular in the layers II and IV (see Fig. 7a) ). The strong cooling in layer IV can mainly be addressed to advection related to the cold-air outbreak that is also reported from tethered balloon profiles in Ny-Ålesund and from the radiosonde on Bjørnøya (not shown). The strong cooling in the valley (0-700 m) is primarily due to enhanced outgoing longwave radiation during nighttime. Related katabatic and drainage effects in Advent Valley and from side valleys, such as Todalen may have intensified the strong nighttime cooling in the valley. Calculating the accumulated cooling after the method described by De Wekker and Whiteman (2006) Figure 8 shows the corresponding wind-speed and wind-direction profiles. Close to the ground (2-10 m) the wind speed is small (<4 m s −1 ) with flow from easterly to south-easterly directions throughout the whole period. As described in Sect. 3, no reliable wind data are available from the SUMO system below 200 m. Above, in general, northerly winds prevail up to 1500 m except for the layer 800-1200 m where a distinct veering occurs throughout the night and at 200-400 m where south-easterly winds are observed in the morning hours. In the beginning, the slight backing of the wind with height indicates cold-air advection in the lower atmosphere. The wind-speed profiles of late afternoon and evening show two maxima, one at the centre of layer II at around 400 m, reaching 6 m s −1 and an even more pronounced maximum reaching 8 m s −1 at around 1100 m. Around 800 m, i.e. at the base of the strong inversion layer, a minimum wind speed of 2-4 m s −1 is observed. The first peak in the wind profiles in layer II can be associated with a weak jet in the valley's centre. In the early morning, the wind-speed profile has gradually changed, and the lowest accessible layer by SUMO at around 200 m shows now an indication of a low-level jet, just above the very stable surface layer. Aloft, the wind speed decreases close to zero at around 400 m, slightly increasing around 600 m before reaching another minimum close to zero at 800 m. Above that level, the wind speed increases linearly to about 6 m s −1 at 1500 m. 6.3 Discussion
The atmospheric profiles taken during the night reveal two interesting features worthwhile to be further analyzed. The first is the relatively small cooling (<2 K) in layer III compared to that of layers II and IV, also shown by the average layer temperatures in Fig. 10 . The second is the strong and systematic variation of the wind direction during the night in the layer between 900 m and 1100 m. The corresponding temperature profiles from WRF model simulations are shown in Fig. 7b , and also reveal the general cooling seen in the observations. The model profiles show a warm bias of ≈2K, but the amount and rate of cooling at least in the layers II (around 4 K) and IV (around 5 K) are well captured. However, large qualitative and quantitative differences occur in layer III. The model inversion in the late afternoon is by far weaker (≈1 K(100 m) −1 ) and located about 100 m lower than the observed one. It weakens in the early morning hours. During the night the model layer III cools similar to layer IV above. The model shows no indication of the observed sharp inversion at around 700 m and the observed temperature decrease in layer III is far less than that predicted by the model. An explanation for this observed reduced amount of cooling could be the existence of a trapped gravity wave in this layer (ca. 800-1000 m). Assuming that the wave is in its downward moving phase and more or less stationary during the night could explain a compression of the downward moving air damped by the stable layer in the valley (see the over time downward moving kink in the T profile (Fig. 7a) and profile (Fig. 7c) . For a closer investigation of this hypothesis, the Scorer parameter l 2 (Scorer 1949 ) has been used, and which combines the effects of atmospheric stability and wind shear:
where the first term denotes the ratio between the Brunt-Vaisala frequency N 2 and the square of the mean wind U . The second term is the curvature of the wind-speed profile describing the prevailing wind shear. The variation of l 2 with height allows for the prediction of the existence and behaviour of gravity waves in the atmosphere.
In general a decrease of l 2 with height favours vertically propagating waves, while an increase of l 2 with height leads to trapping (e.g. Holton (1992) ). The temperature and wind profiles from SUMO have been used to calculate the corresponding profiles of the Scorer parameter (see Fig. 9 ). The temporal variation of l 2 towards the morning is rather high, in particular in layers II and IV. In contrast, layer III (800-1000 m) shows distinctly reduced variability and during the whole period a marked increase of l 2 with height topped by a local maximum, potentially leading to the situation of a trapped gravity wave over a long period. The corresponding warming in the 'sandwich' layer (see black circles in Fig. 10 after 2100) that is superimposed on the mesoscale cold-air advection, results in the observed reduced cooling compared to the layers above and below.
The second feature of interest is the temporal behaviour of the wind direction at that level. After 2100 the wind starts to veer from north through east (2200) to south (0130) and finally to west (0330). The situation is visualized in more detail in Fig. 11 , where the temporal evolution of the average horizontal wind vectors in the layer 900-1100 m is shown. Layer III, roughly at the level of the surrounding mountains, seems to be unusual by separating the valley from the free atmosphere. The data indicate that the inner-valley air in the layer 0-800 m is decoupled from the free atmosphere above by a strong inversion, leading to a lack of friction between the layers III and IV. Averaging the measured wind components in this altitude region (see Fig. 11 ) shows a distinct and systematic clockwise veering of the horizontal wind vector indicating inertial flow. By theory an inertial period of 2 / f ≈ 12 h is expected for the measurement location at 78 • N, where f represents the corresponding Coriolis parameter. The rotation of the wind vectors in Fig. 11 , nearly completing a full circle during the observation period of 11 hours, is in good agreement with this theory. Hence, we argue that the warming in layer III is caused by a trapped inertial-gravity wave.
Summary
During a two-week field experiment in Arctic environment, the SUMO system operated reliably and successfully even under very low temperatures. The system proved its potential for atmospheric profiling in such conditions with a time resolution of around 30 minutes. The relatively strict interpretation of the flight permission given by the Norwegian CAA by the local staff at Longyearbyen airport, limited the acquisition of a more complete dataset, e.g. by taking subsequent profiles during the course of a full day. SUMO operations were only allowed when the airport was closed, i.e. usually during the nighttime and on the weekends. For future applications routines have to be established that would allow a more frequent profiling, desired and required for advanced observation of ABL evolution and transition processes. Nevertheless, the gathered dataset provided an appropriate and valuable basis for a comparison with parallel tethered balloon ascents and a validation of the WRF model with respect to the sensitivity of different ABL parametrization schemes in stable atmospheric conditions. Intense measurements during the night of 31 March until 1 April 2009 provided deeper insight into the complex interaction between atmosphere and orography in the stable Arctic ABL.
By operating a tethered balloon system simultaneously with the SUMO aircraft at Longyear airport both measurement systems could be compared with each other. It can be concluded that the SUMO profiles have at least the quality of tethered balloon measurements for levels above 200 m. SUMO outperforms the tethered balloon system in terms of flexibility, transportability and for the penetration of strong inversion layers. The tethered balloon system has its strength at lower levels, providing important information, e.g. with respect to wind information and for temperature measurements in very strong surface inversions. Therefore, it is an ideal tool to bridge the gap between surface measurements (2-10 m) and SUMO profiles in the altitude region of 50-200 m.
We presented high-resolution WRF model simulations performed with different ABL schemes. The sensitivity to the choice of ABL scheme and horizontal resolution has been evaluated by using SUMO profile measurements as a reference. The QNSE scheme improves the temperature forecast slightly in stable conditions, however, all schemes show a warm bias close to the surface and a cold bias above the ABL.
The possibility to operate SUMO subsequently during one night in Advent Valley gave a more detailed picture of thermal and dynamical processes not resolved appropriately in the model integrations. In the surface layer such processes can be nighttime cooling due to outgoing longwave radiation and additional drainage processes leading to an extreme surface inversion above the snow-covered valley bottom. The presence of a trapped inertial-gravity wave in the atmospheric layer aloft of the valley at the level of the surrounding mountains has not been captured by the model. A higher vertical resolution in these layers and an improved representation of the topography might overcome these shortcomings in the shown NWP model integrations.
